TROKE is the third leading cause of death in the US. Subarachnoid hemorrhage accounts for approximately 7% of stroke cases and the majority of these cases are caused by rupture of a cerebral aneurysm.
The pathogenesis of cerebral aneurysms is significantly influenced by the local hemodynamic environment; successful treatment must favorably modify this environment to promote thrombotic aneurysm occlusion and healthy arterial remodeling. It has been observed clinically that most cerebral aneurysms arise from areas subjected to increased hemodynamic forces, that is, at the apex of arterial bifurcations or on the curve of tortuous vessels ( Fig. 1) , rather than along straight vessel segments. 27 Geometric parameters, such as aneurysm volume, shape, aspect ratio, and dome-toneck ratio, have been studied extensively; 9, 15, 25, 35 however, little information characterizing the relation of the local vessel and aneurysm geometry to these elevated hemodynamic forces is available. 6, 19, 24 In this study we begin the process of quantifying the poorly understood hemodynamic effects resulting from the complex 3D geometry of the local vessel. The first step undertaken was to quantify the relationship between hemodynamic forces and arterial curvature in an attempt to establish further correlations for the effect of arterial geometry on aneurysm growth and treatment.
Computational fluid dynamics is a computer simulation method that can be used to model the complex in vivo flow field associated with cerebral aneurysms. A time-dependent, space-resolved, 3D flow velocity field in anatomically realistic cerebral aneurysm models can be obtained from CFD simulations. Using the flexibility of CFD, the parameters of fluid dynamics and the blood particle paths can then be directly calculated and visualized. Furthermore, CFD can be used to predict the success or failure of interventional therapies that rely on altering the dynamics of blood flow within the aneurysm sac.
A better understanding of the relationship between the pathophysiological aspects of an aneurysm and its arterial geometry or local hemodynamics is critical to understanding aneurysm growth, predicting the risk of regrowth after treatment, and improving endovascular treatments. Our objective in this study was to examine the effects of local vessel curvature and aneurysm neck size on the hemodynamics of an aneurysm and, using a CFD analysis, to correlate these parameters with aneurysm growth and potential treatment effectiveness.
Materials and Methods
We analyzed 3D saccular (spherical) aneurysm models with varying arterial curvatures and aneurysm neck sizes to quantify the role of local hemodynamic forces within the aneurysm. To isolate the arterial curvature and aneurysm neck size from numerous other geometric and physiological factors present in human aneurysms, we adopted anatomically realistic aneurysm geometries in which we could systematically vary the curvature of the parent vessel and the aneurysm neck while keeping other parameters unchanged.
Geometric Parameters
The following definitions for geometric variables of interest were used for each model: R, radius of the curvature of the parent artery; 1/R, curvature of the parent artery (the inverse of R); D, diameter of the aneurysm; N, width (major axis) of the aneurysm neck; and d, the internal diameter of the parent artery (Fig. 2) . In the first group of models, denoted R1 through R6, the geometric variables were kept constant, except for the parent artery curvature (1/R). In the second group of models, denoted N1 through N4, the geometric variables were kept constant, except for the aneurysm neck size (N). In all 10 models, the parent artery was 3 mm in diameter and the aneurysm was 12 mm in diameter. In the first group, the curvature of the parent artery ranged from 0 (a straight vessel) to 0.167 mm Ϫ1 and the width of the aneurysm neck was kept at 7.5 mm. In the second group, the width of the neck ranged from 6 to 9.56 mm, and the curvature of the parent artery was fixed at 0.083 mm
Ϫ1
.
Computational Tools
The computational mesh consisted of a 3D hybrid tetrahedral and hexagonal mesh generated using Gambit software (Fluent, Inc., Lebanon, NH). Each 3D model consisted of approximately 500,000 cells. The finite-volume commercial code STARCD (CD Adapco, Melville, NY) was used to simulate 3D blood flow.
Flow Model
Consistent with established approaches to CFD in large arteries, 1, 26 we assumed incompressible, laminar flow in a rigid model and conducted simulations using a finite-volume algorithm in a 3D domain. Based on the Reynolds number, the flow was found to be well within the laminar regime, unlike that found closer to the heart or in some constricted vessels. In large vessels (Ͼ 0.5 mm) with very low shear rates, like those in our models, nonnewtonian effects in blood flow are regarded as second order and consequently neglected; 1, 3, 23 therefore, the blood was modeled as a newtonian fluid with a viscosity () of 3.5 cP and a density () of 1060 kg/m 3 . The computational domain of the vessel was extended to ensure zero-velocity gradients at the outlet. A no-slip condition was applied to all walls. The rigid wall assumption was used to simplify the computation. A distensible aneurysm wall will further increase blood flow into the aneurysm and has been found to increase the magnitude of the WSS in the impact zone approximately 8%. 20 The size and magnitude of the WSS impact zone should be considered by erring on the conservative side.
We conducted steady-state and pulsatile flow simulations in 10 aneurysm models. In the steady-state flow simulations, two parabolic velocity profiles with constant maximal velocities (U) of 59.7 cm/ second and 30 cm/second, respectively, were assumed at the inlet. The corresponding Reynolds numbers (Re = Ud/), which indicate the relative magnitude of inertia as opposed to the viscous force of the flow, were approximately 136 and 270, respectively. In the pulsatile flow simulations, a velocity waveform that matched a physiological cerebral waveform was constructed using four terms of its Fourier series. For these simulations, the Reynolds numbers at the maximal, minimal, and mean rates of flow were approximately 270, 37, and 136, respectively. The Womersley number, which is used to measure the ratio of transient inertia from pulsatility over viscous force, was approximately 2.07 in the pulsatile flow simulations.
Hemodynamic Variables
It is widely accepted that arteries adapt to changes in blood flow conditions through remodeling. Wall shear stress is the tangential force exerted by flowing blood on the luminal surface that retards the flow of blood. The endothelial cells detect mechanical strain caused by the WSS and respond to this strain by adjusting the vessel diameter to restore the WSS to a baseline level of 15 to 20 dynes/cm 2 . 16, 18, 21, 34 This biological response is accomplished primarily by the release of vasodilators that allow smooth-muscle cells to relax, ultimately causing the vessels to dilate. 16, 18, 34 Building on this premise, we calculated the area of the aneurysm wall where the WSS was elevated and greater than 20 dynes/cm 2 . This elevated WSS area may indicate the site of active remodeling of the aneurysm wall. We defined this area as the impact zone. The time-dependent, space-resolved, 3D flow-velocity field, the WSS, and the impact zone in each 3D model were obtained from these simulations. We computed the blood flow velocity and the WSS distribution for all aneurysm models through both steady-state and pulsatile flow simulations. In the pulsatile flow simulations, time-dependent WSS distributions were also computed to quantify the impact zone. 
Results
Unless otherwise noted, only results from pulsatile flow simulations are presented in this paper.
Aneurysm flow is a highly complex 3D phenomenon. The flow dynamics were visualized by tracking the paths of blood particles. We traced a group of uniformly distributed blood-particle paths from the inlet boundary of the computational domain (Fig. 3) . Some of the paths never entered the aneurysm. All paths that entered the aneurysm did so near the distal side of the neck in all models. Of those paths entering the aneurysm, some left at the proximal side of the neck with a lower velocity, whereas others joined the inflow from the parent artery, entered the cavity again, and whirled irregularly within the aneurysm.
Flow impingement intensified with increasing curvature. Figure 4 shows snapshots of flow velocity vectors at the symmetry plane, which were captured at maximum systole in models with different curvatures. When the curvature was insignificant or even zero (as in the case of the straight vessel model R1), the vorticity at the distal side of the neck weakly entrained the flow into the aneurysm. In arteries with more pronounced curvature (as in the case of curved model R6), the velocity profiles were skewed toward the outer wall of the lesion, indicating the effect of centrifugal force in all models. Blood flow entered the aneurysm from the distal side of the neck and was primarily driven by the inertia of the blood. As the result of increases in the degree of arterial curvature or the major axis of the aneurysm orifice (neck), a larger volume of higher-momentum blood was observed to impinge more strongly on the distal side of the aneurysm neck. The high-momentum blood formed a strong vortex in the aneurysm cavity; the distal side of the neck can be thought of as a flow divider.
The impact zone enlarged with increases in arterial curvature and the size of the aneurysm neck. Figure 5 shows that flow impingement led to an elevation in the WSS at the distal side of the neck, as a result of increasing either the degree of arterial curvature or the size of the neck. It is clear that the aneurysm dome does not have a uniform WSS distribution. The area on the aneurysm wall at which the WSS became elevated-the impact zone-increased in size with stronger flow impingement. This increase appears to be a function of arterial curvature or aneurysm neck size or both. To quantify this relationship, we plotted the impact zone as a function of arterial curvature or aneurysm neck size or both. Figure 6 shows the relationship between the impact zone at peak systole and the geometric variable N3/R. The impact zone was observed to increase linearly with parent artery curvature (1/R) and the third order of aneurysm neck Drawing showing the results of the simulation of bloodparticle paths in model R5 at a steady state. Some blood paths never enter the aneurysm, whereas others enter it from the distal side of the neck. Of those paths entering the aneurysm, some leave at the distal side of the neck, whereas others join the inflow and whirl irregularly inside the lesion. The paths flow from left to right (left) and off the paper, toward the reader (right).
FIG. 4.
Comparative drawings of the velocity field at the symmetry plane in different models at maximum systole. The curvature increases from 0 (straight vessel) in model R1 to 0.167 mm Ϫ1 in model R6. As the degree of arterial curvature increases, the flow impingement on the distal side of the aneurysm neck intensifies. size (N). Figure 7 shows the relationship of the impact zone and the parent artery curvature at different Reynolds numbers. In our simulations, higher flow rates resulted in the intensification of flow impingement on the aneurysm wall, thus generating a larger impact zone.
The impact zone at the distal side of the aneurysm neck changed dynamically during the cardiac cycle and enlarged with increasing arterial curvature (Fig. 8) . The more curved the vessel, the larger the impact zone.
Discussion

Influence of an Elevated WSS on Aneurysm Dilation
Our simulations have shown that flow impingement elevates both pressure and WSS at the distal side of the neck of a saccular aneurysm arising from the lateral wall of a curved artery. As previously mentioned, endothelial cells at the flow impingement zone respond to elevated WSS by releasing vasodilation factors to remodel the wall in an attempt to return the WSS to the baseline levels of 15 to 20 dynes/cm 2 .
16,18,21,34 These factors, including nitric oxide, prostacyclin (PGI2), and matrix metalloproteinases, degrade the extracellular matrix and dilate the arterial wall by relaxing smooth-muscle cells at the flow impingement zone. 18, 31, 33 The absence or disorganization of key extracellular matrix components, mainly collagen and elastin, decrease the mechanical strength of the aneurysm wall. In addition, the elevated pulsatile pressure plays a role in stretching and expanding the aneurysm wall from the distal side of the neck. The weakened wall, in conjunction with the stretching caused by this pressure, becomes more susceptible to dilation. 4, 14 Furthermore, as the wall continues to degrade and be stretched from the distal neck, healthier portions of the parent artery become incorporated into the aneurysm. As a result, the aneurysm enlarges, continuously experiences flow impingement, and undergoes further degradation and stretching. Our findings are in agreement with the theory that intense flow impingement induces degeneration of arterial wall components, leading to aneurysm dilation.
4,29,35
Risk of Aneurysm Growth Increases With Larger Arterial Curvature and Aneurysm Neck Size
Our simulations have shown that as the degree of parent vessel curvature or the size of the aneurysm neck increases, flow impingement intensifies, leading to an increase in the impact zone (Fig. 8) . It is reasonable to expect that with an increasing impact zone, the quantity of vascular remodeling factors that is released also increases accordingly. In an attempt to restore the elevated WSS to the baseline level, the increase in the quantity of vascular remodeling factors leads to a more rapid remodeling process, as mentioned earlier. Ultimately, these remodeling factors will lead to a higher likelihood of wall injury and aneurysm growth. with arterial curvature but in a cubical fashion with neck size indicates that neck size has a stronger effect than arterial curvature on the risk of aneurysm growth.
Our work indicates that aneurysms on vessels with a high degree of curvature may grow at a faster rate than their counterparts on straight vessels. Based on our simulations we posit that asymptomatic aneurysms with large necks or aneurysms located on vessels with a great degree of curvature may require intervention at an earlier stage than other aneurysms.
Therapies Developed for Aneurysms on Straight Vessels May Not Be Effective for Those on Curved Vessels
The introduction of vascular stents to aid in coil embolization has opened the door to the thrombotic occlusion of aneurysms through stent placement. Geremia and colleagues 7, 8 and Wakhloo, et al., 36 have demonstrated complete occlusion of sidewall and fusiform aneurysms on the carotid arteries of dogs by using stents alone. A drawback of these studies is that they are limited to aneurysms located on straight vessels, an anatomical configuration that is seldom encountered clinically.
We believe that as a result of significantly different flow mechanisms, saccular aneurysms located on curved vessels are less apt to thrombose than their counterparts on straight vessels. For a saccular aneurysm located on a straight vessel, blood flow entering the aneurysm is predominantly driven by viscous shear force. The vorticity at the proximal aneurysm neck weakly entrains flow into the aneurysm. Consequently, a low-momentum flow entering a lateral aneurysm that is located on a straight vessel or one with a small degree of curvature creates a more stasislike environment, increasing the likelihood of thrombosis, 19 which in turn increases the likelihood for successful treatment. On the other hand, in an aneurysm located on a curved vessel, the inertia of the blood flow (centrifugal effect) must be overcome by the artery wall to make the blood travel along the curve. This inertia-driven mechanism produces a stronger impingement of flow on the distal side of the aneurysm neck and generates a coherent vortex within the lesion. In a lateral aneurysm located on a vessel with a high degree of arterial curvature, blood is continuously refreshed and the length of time that blood resides in the aneurysm sac is reduced. This increase in blood circulation in aneurysms located on more tortuous vessels may lead to a reduced likelihood to form a stable thrombus. This type of aneurysm may also be associated with a greater risk of growth and should therefore be examined with greater care.
Although bridging the aneurysm neck with a stent may sufficiently alter blood flow in an aneurysm located on a straight vessel and thus induce a thrombotic occlusion, 7, 8, 35 a stent alone may not provide durable treatment for an aneurysm on a curved vessel. The standard high-porosity stent may not sufficiently dampen the inertia of the flow impingement to create the prothrombogenic environment necessary for aneurysm occlusion. It has been observed, however, that the stent may straighten the vessel to some degree 37 and would therefore reduce the WSS at the distal side of the aneurysm neck. We speculate that bridging the neck with only the type of stent that is currently commercially available should positively alter the blood flow and slow aneurysm growth, but it will most likely not be adequate to induce complete occlusion in an aneurysm on a curved vessel.
Effectiveness of Endovascular Treatment and Aneurysm Geometry
As a result of intense flow impingement and observed growth at the distal side of the aneurysm neck, a high degree of arterial curvature and a large neck size may decrease the effectiveness of endovascular treatment of cerebral aneurysms. Endovascular coil embolization has been promoted as a less invasive therapeutic alternative to surgical clip placement for the occlusion of cerebral aneurysms from the circulation. 22 Loose coil packing together with exposure of the aneurysm neck to flow, however, has been known to lead to incomplete occlusion in the majority of wide-necked aneurysms. 5, 10 Our findings indicate that flow impingement, which is implicated especially in conjunction with a high degree of arterial curvature and large aneurysm neck size, is ultimately responsible for compacting the coils. The incessant oscillating inertia of the pulsatile flow pushes the coils and localized adherent thrombi toward the aneurysm dome, exposing the distal neck; this results in the continued exposure to an elevated WSS and the increased likelihood for regrowth of a treated aneurysm. 10, 17 Dilation of the aneurysm wall at the distal side of the neck results in the incorporation of an increasing amount of normal parent vessel wall into the aneurysm. Hence, coil-treated aneurysms that are located on an arterial segment with a high degree of curvature or that have large neck sizes may be at great risk of regrowth. A correlation with clinical observations will be needed to quantify this relationship.
Successful occlusion of an aneurysm and prevention of its regrowth depend on protection of the impact zone. To increase the durability of endovascular aneurysm treatment, interventions should be aimed at protecting the aneurysm wall from flow impingement, sufficiently dampening the momentum of blood entering the aneurysm, and creating a prothrombogenic environment. These recommendations may likewise be applied to bifurcation aneurysms, but the geometric variability is so great in such cases that the location of the impact zone cannot be so easily generalized to the distal side of the neck.
Conclusions
Analysis of our 3D CFD studies, in which minor alterations in local anatomical geometric parameters and the local hemodynamic environment were made, indicates that a greater chance of aneurysm growth on a high degree of arterial curvature exists if the inflow momentum is not impeded. A large impact zone on the aneurysm wall appears to be the most likely site for aneurysm initiation and for growth or regrowth of a treated aneurysm. An aneurysm with a wide neck located on a curved vessel should be accessed with a heightened awareness of its increased hemodynamic stresses. To occlude an aneurysm successfully and to prevent its regrowth, it is essential that the impact zone be protected.
Our analysis has shown that hemodynamic stresses are time dependent-varying greatly over the cardiac cycleand location dependent-varying significantly throughout the aneurysm. The local hemodynamics of an aneurysm will affect the progression of aneurysm growth and the effectiveness of endovascular treatments. The integration of CFD simulations with medical diagnostic imaging techniques has provided new insights to assess the pathogenesis of an aneurysm on an individual basis. 2, 32 This integrated methodology may advance our knowledge of aneurysm hemodynamics, predict the outcome of surgical procedures, and help us assess specific risks to individual patients.
